SUMMARY Thirty-five patients with varying degrees of congestive heart failure were subjected to 600 upright tilt. Eight of the patients with normal resting hemodynamics had elevated resting plasma norepinephrine levels (PNE) (p < 0.001), but their response to upright tilt was similar to that in normal subjects: All had increases in heart rate, plasma norepinephrine (from 263 ± 32 to 483 ± 78 pg/mg, p < 0.02) and plasma renin activity (from 4.8 ± 0.9 to 13.7 ± 7.6 ng/mI/hour, p < 0.05). In 27 patients with high resting pulmonary wedge pressure and low cardiac index, resting PNE was higher (668 ± 71 ng/ml), but PNE, plasma renin activity and heart rate did not increase significantly during tilt despite a fall in pulmonary capillary wedge pressure and cardiac index. In 18 of these patients, PNE rose during tilt, whereas in nine it did not change or fell; the regting hemodynamics and the hemodynamic response to tilt were not significantly different in these two groups. These data suggest that an abnormality of mechanoreceptor or baroreceptor function is common in patients with CHF. This abnormality corresponds in part to the severity of the resting hemodynamic abnormality, but among patients with severe CHF, the reflex neurohumoral abnormality may provide independent information about the severity of the disease.
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UPRIGHT TILT normally induces a fall in cardiac filling and stroke volume that elicits a neurohumoral response characterized by increases in circulating norepinephrine (PNE) levels and plasma renin activity (PRA).1' This neurohumoral response is thought to play an important role in the increases in heart rate and systemic vascular resistance that maintain arterial pressure in the upright position. The stimulus for this neurohumoral response appears to reside primarily in the cardiopulmonary area through mechanoreceptors at the junctions of the vena cava and right atrium and the pulmonary veins and left atrium, and in the left ventricle. increased plasma levels are indicative of heightened activity of these neurohumoral vasoconstrictor systems, then the stimulatory response to orthostatic stress may be altered. An understanding of the circulatory and humoral response to this stress also might provide insight into the mechanism of the heightened sympathetic and renin-angiotensin activity in CHF.
In the present study, we examined the response to orthostasis in patients with symptoms of CHF and widely divergent resting hemodynamics. Responses in this group were compared with those in a group of normal subjects subjected to the same orthostatic stress.
Methods
Thirty-five patients (31 men and four women), ages 20-80 years (mean 55.1 years), who had varying degrees of CHF were studied. All patients had been limited symptomatically by dyspnea on exertion, orthopnea or exercise intolerance for at least 6 months. All had cardiomegaly, as defined by a cardiothoracic ratio exceeding 0.5 on a standard chest x-ray. Twenty-two patients were classified as having ischemic cardiomyopathy on the basis of a history of angina and myocardial infarction (angiography demonstrated significant coronary artery disease in 15 of these patients), and 13 patients had nonischemic cardiomyopathy. Five patients had a significant history of ethanol abuse as a possible cause of their cardiomyopathy. All patients were screened to ensure that except for CHF, they had no major medical problems. No patient had a history of lung disease, and where indicated, significant chronic lung disease was ruled out by pulmonary function studies. Three patients had hyperglycemia that was controlled by diet alone. No patient had significant renal or hepatic dysfunction that could not be explained by their heart failure. No patient was hypertensive at the time of study and none had connective tissue disease or amyloidosis.
After signing informed consent, the patients were hospitalized in a metabolic unit for a 3-5-day stabilization period before study. They were maintained on a 43-86-mEq sodium diet and a constant activity level. All were in clinically stable condition at the time of study. Physical examination did not change and body weight varied by less than 3% during this prestudy period. Digitalis therapy was continued at a constant dose of 0. 125-0.25 mg/day in 26 patients, and stopped 7 days before study in nine patients. In 10 patients, previous diuretic therapy was also continued, for chronic diuretic therapy does not appear to alter plasma hormone levels. 16 Vasodilator therapy was withdrawn at least 72 hours before the study, and usually longer.
On the morning of the study, all medications were withheld and the patients were fasting. During the study, the ECG was continuously monitored. In 27 patients, a flow-directed, balloon-tipped Swan-Ganz thermodilution catheter was inserted percutaneously from a vein in the antecubital fossa and advanced to the pulmonary artery. In the eight other patients, a central venous line was passed percutaneously from an antecubital vein to obtain right atrial pressure. In patients who underwent pulmonary artery catheterization, cardiac output was measured by averaging five successive thermodilution curves. In the remaining patients, cardiac output was determined by the CO2 rebreathing method. 17 In 28 patients, brachial arterial pressure was measured through an indwelling cannula with a Bell and Howell transducer and Hewlett Packard recorder; in seven patients arterial pressure was measured indirectly by cuff sphygmomanometry, and mean arterial pressure was taken as the diastolic pressure plus 1/3 pulse pressure.
After 1 hour of rest in the supine position with the catheters in place, central venous blood samples were obtained for measurement of PRA by radioimmunoassay (RENAK kits, Roche Laboratories)'8 and PNE by radioenzymatic assay (Cat-a-kit, Upjohn Co.).9 PRA and PNE were measured in duplicate in our research laboratory, and standards were done on each run. The coefficient of variability was 7.7% for PRA and 8.4%
for PNE. Mean artenral pressure (MAP), right atrial pressures (RAP) and cardiac output (CO) were also determined. Systemic vascular resistance (SVR) was calculated by the formula:
co After control measurements had been made, the patients were passively tilted to a 600 angle on a tilt table with the feet supported by a base platform. Blood was sampled for measurement of PNE 10 minutes after initiation of tilt and for PRA after 45.minutes of tilt. These times correspond to the peak activity of PRA and PNE reported in normal subjects after tilt.3 6 The hemodynamic measurements were repeated between the 10-minute and 45-minute samplings approximately 30 minutes after the patients had been tilted.
Fifteen normal volunteers (ages 20-74 years, mean 39.1 years) underwent a similar protocol for blood sampling at supine rest and during tilt. No hemodynamic measurements were performed on the normal subjects. These volunteers had no history of cardiovascular disease and had normal physical examinations. They were not taking cardiac medications, nor was their dietary sodium restricted.
The data were analyzed by paired t test when comparing supine to tilt in a given subject, and paired t test when comparing normal subjects and patients with CHF. All data are presented as the mean ± SEM.
Results
Although all 35 patients with CHF were limited symptomatically and had objective evidence of cardiomegaly, eight had normal resting hemodynamic measurements (pulmonary wedge pressure < 15 mm Hg and cardiac index > 2.5 1/min/m2). These patients (group 2) with apparently milder left ventricular dysfunction were separated from the 27 patients with abnormal resting left ventricular function (group 3) and the normal subjects (group 1). Resting supine levels of PNE and PRA in the normal subjects (175 ± 13 pg/ml and 1.8 ± 0.3 ng/ml/hour, respectively) were significantly lower than in the patients, with CHF (group 2, 263 + 32 pg/ml and 4.8 ± 0.9 ng/mllhour, p < 0.001; group 3, 668 + 71 pg/ml and 10.5 + 2.1 ng/ml/hour, p < 0.001). During tilt in normal subjects, PNE increased from 175 ± 13 to 320 + 28 pg/ml, an average of 82%, and PRA increased from 1.8 ± 0.3 to 3.9 ± 0.7 ng/ml/ hour (p < 0.001) ( fig. 1) . In group 2 patients, similar significant increases in PNE and PRA were observed. PNE rose from 263 ± 32 to 483 + 78 pg/ml (p < 0.02) and PRA rose from 4.8 + 0.9 to 13.7 + 2.6 ng/ ml/hour (p < 0.05). These patients responded to orthostatic tilt with increases in heart rate and systemic vascular resistance and a decrease in cardiac output ( fig. 1) . These responses are similar to those expected in normal subjects.
The patients with abnormal resting hemodynamics (group 3) exhibited a different response (table 1, fig.   1 ). PNE did not change significantly dunrng orthostatic tilt (668 ± 71 vs 836 ± 150 pg/mI) and PRA did not increase (10.5 + 2.1 vs 13.4 + 3.8 ng/ml/hour). Cardiac output fell from 2.0 ± 0.1 to 1.8 + 0.1 l/ min/M2 (p < 0.01), and calculated systemic vascular resistance increased from an average of 1629 + 93 to 1971 + 120 dyn-sec-cm (p < 0.05). Heart rate, which rose significantly in group 2, was unchanged in group 3.
Eighteen of the group 3 patients exhibited a rise in PNE (group A); in nine the PNE either remained the same or fell during orthostatic stress (group B) (table T  S  T  S  T  S  T  S  T  S  T  S  T  S  T  S  T  S  T  S  T   840  994  632  731  720  919  338  752  839  1216  287  406  526  618  227  851  199  415  257  318  504  567  573  944  S  1345  T  1480  S  T  S  T  S  T   1146  1322  397  682 1). Although resting PNE tended to be slightly higher in group B and resting cardiac index slightly lower, these differences were not statistically significant and pulmonary capillary pressure, right atrial pressure and arterial pressure were nearly identical in the two subsets. The hemodynamic response to orthostatic stress also was similar in the two subsets in that cardiac index and right atrial pressure decreased, mean arterial pressure remained unchanged and calculated systemic vascular resistance increased. Pulmonary wedge pressure fell an average of 9 mm Hg in group A and 6 mm Hg in group B (NS). Resting PRA was similar in the two groups; it tended to rise during orthostasis in group A (NS) but not in group B (fig. 2 ).
Discussion
This group of patients with CHF exhibited higher resting PNE than did the normal supine subjects. This increase in PNE is consistent with findings from this and other laboratories. 12, 19 In response to upright tilt, the increase in PNE was attenuated in patients with CHF (group 3) (30% vs 75% in normal subjects). Similarly, the expected increase in PRA and the usual increase in heart rate did not occur in these patients with CHF.
Because the degree of CHF varied considerably, the subjects were subdivided into two groups based on resting hemodynamics. Subjects with normal cardiac index and pulmonary wedge pressure responded to orthostatic stress in a more normal fashion, exhibiting a rise in heart rate and a rise in PNE and PRA. In contrast, patients with abnormal restingkhemodynamics exhibited an attenuated sympathetic nervous system response, showing no consistent change in PNE and no increase in heart rate or PRA. These results suggest that the abnormality of reflex response is at least partly related to the severity of cardiac dysfunction. Thus, either the hemodynamic stimulus to sympathetic nervous system and renin-angiotensin system activation does not occur during upright tilt in patients with severe CHF, or sympathetic nervous system and renin-angiotensin system responses tend not to occur despite the stimulus.
To determine the mechanism of this attenuated response in heart failure, the patients with abnormal resting hemodynamics were subgrouped into those who exhibited an increased PNE in response to tilt and those who exhibited no increase. Resting measurements of left ventricular function were not significantly different in these two subgroups, and the hemo- Response to 600 orthostatic tilt in patients with severe heartfailure. When patients whose plasma norepinephrine (PNE) increased were compared with those whose PNE was unchanged or decreased, no differences were noted in response ofplasma renin activity (PRA), heart rate (HR), pulmonary capillary wedge pressure (PCW), mean arterial pressure (MAP), cardiac inde-x (CI) or systemic vascular resistance (SVR).
dynamic response to orthostatic stress was similar, although there tended to be a greater fall in pulmonary capillary wedge pressure in patients whose PNE increased ( fig. 3 ). The patients who had the greatest fall in pulmonary capillary wedge pressure tended to have the greatest rise in PNE (r = 0.47, p < 0.05). This weak relationship suggests that some of the attenuated response in patients with CHF may be attributable to a reduced hemodynamic stress. Because the mechanoreceptors are designed to support blood pressure in the face of hypovolemia by eliciting a sympathetic response when atrial pressure falls to low levels, these receptors may be more sensitive to a fall of right atrial or left atrial pressure to low levels than to a fall from high to less high levels. Therefore, one explanation for the failure of sympathetic response in CHF is that the pulmonary capillary wedge pressure remained above normal during tilt in many of the patients. Another possibility is that the mechanoreceptors in patients with CHF are abnormal. Zucker et al. 20 reported that atrial receptors were abnormal in the dog with induced heart failure. Carotid and aortic baroreceptor function could also be impaired in heart failure.21
Vasodilator drugs administered to patients with CHF do not increase heart rate or produce an increase in plasma norepinephrine level despite a fall in aortic 212 pressure. 1 25 Since the arterial baroreceptors may participate in the neurohumoral response to orthostatic stress by either a change in mean aortic pressure, pulse pressure or rate of change of pulse pressure, an abnormality in response of the arterial baroreceptors cannot be disregarded as a factor in the attenuated neurohumoral response to orthostatic stress in patients with congestive heart failure. Despite the absence of a rise in PNE or PRA in many of these patients with CHF, mean arterial pressure did not fall in the upright position and calculated systemic vascular resistance rose. The mechanism for this homeostatic response remains unclear.
PNE appeared to vary with the severity of the left ventricular dysfunction, consistent with our previous observations." Therefore, the patients with symptoms of CHF but normal resting hemodynamics exhibited only a slightly increased resting level compared with normal subjects, and the patients with abnormal hemodynamics exhibited a more striking elevation. Although group 2 patients had normal resting hemodynamics and lower PNE levels than group 3 patients, they were often as symptomatically limited. Seven of eight were considered to be in New York Heart Association class III. We have observed that exercise capacity does not correlate with resting hemodynamics.26'27 Furthermore, in group 2 patients, PNE increased during tilt to the same high level as resting values in group 3 patients.
PRA did not vary with the degree of hemodynamic dysfunction and in 42% of the patients resting PRA was normal. This confirms our previous observations that PNE relates more closely to the hemodynamic abnormality in CHF, whereas PRA appears to be independently stimulated, perhaps in large part by changes in serum sodium concentration. In conclusion, the normal rise in PNE and PRA during orthostatic tilt is attenuated in some patients with CHF and abnormal resting left ventricular filling pressure or output. The impaired response cannot be explained simply by reduced hemodynamic stress to arterial or low-pressure receptors. It remains to be established whether this abnormality of reflex neurohumoral response, which is independent of the degree of resting hemodynamic abnormality in advanced CHF, provides a more sensitive index of the severity or duration of the disease.
